Abstract | Increasing evidence supports an association between the skeleton and energy metabolism. These interactions are mediated by a variety of hormones, cytokines and nutrients. Here, the evidence for a role of osteocalcin in the regulation of glucose metabolism in humans is reviewed. Osteocalcin is a bone matrix protein that regulates hydroxyapatite size and shape through its vitamin-K-dependent, γ-carboxylated form. The concentration of osteocalcin in the circulation is a measure of bone formation. The undercarboxylated form of osteocalcin is active in glucose metabolism in mice. Total serum osteocalcin concentrations in humans are inversely associated with measures of glucose metabolism; however, human data are inconclusive with regard to the role of uncarboxylated osteocalcin in glucose metabolism because most studies do not account for the influence of vitamin K on the proportion of undercarboxylated osteocalcin or differentiate between the total and uncarboxylated forms of osteocalcin. Furthermore, most human studies do not concomitantly measure other bone turnover markers to isolate the role of osteocalcin as a measure of bone formation from its effect on glucose metabolism. Carefully designed studies are required to define the role of osteocalcin and its carboxylated or undercarboxylated forms in the regulation of glucose metabolism in humans.
Introduction
Vitamin K was known to be essential for blood clotting; however, only in 1974 was vitamin K identified as a cofactor for the formation of γ-carboxyglutamic acid (Gla), a unique amino acid that is created by a posttranslational modification of specific glutamic acid residues in a target protein. This process is inhibited by warfarin ( Figure 1 ). 1, 2 Bone biologists actively seeking to identify noncollagen proteins in bone were aware that the fetal warfarin embryopathy often resulted in bony malformations; therefore, they searched for a calciumbinding protein containing γ-carboxyglutamic acid in bone. In 1977, osteocalcin (a 6 kD protein made in osteoblasts and odontoblasts) was isolated and sequenced. 3, 4 Osteocalcin is one of the most abundant noncollagen proteins in bone, and its synthesis is exclusive to bone.
In 2007, Lee et al. 5 suggested that in mice osteocalcin acts as a hormone to affect insulin sensitivity and energy expenditure. Osteocalcin was reported to improve glucose tolerance by increasing β-cell proliferation and insulin expression and secretion. Osteocalcin also increased insulin sensitivity in peripheral tissues, increased adiponectin expression and protected the mice from adiposity. The most surprising finding was that, although osteocalcin nominally contains three γ-carboxyglutamic acid residues, only the uncarboxylated or undercarboxylated (that is, containing only one or two γ-carboxyglutamic acid residues) forms of osteocalcin were biologically active. [5] [6] [7] [8] [9] [10] [11] [12] Since those reports, a growing number of studies have linked serum osteo calcin concentrations to glucose homeostasis in humans. This research has led to speculation that serum osteo calcin concentrations have clinical utility as a risk marker for diabetes mellitus.
The bone-fat axis hypothesis has been extensively reviewed elsewhere. 9, 11, [13] [14] [15] [16] Here, the unique speciesspecific features of vitamin-K-dependent osteocalcin are reviewed and evidence for a role of osteocalcin in energy metabolism in humans is discussed.
Osteocalcin
A vitamin-K-dependent protein To evaluate the role of osteocalcin in glucose metabolism and adiposity in humans, one needs to define the effect of vitamin K on the function of osteocalcin. Two major structural forms of vitamin K are present in nature, phyllo quinone (also referred to as vitamin K 1 ) and menaquinones (also referred to as vitamin K 2 ).
Proteins that include γ-carboxyglutamic acid contain a propeptide recognition site that is essential for their binding to the vitamin-K-dependent carboxylase. After carboxylation, the propeptide is removed and the mature protein is secreted. 19 Aside from the vitamin-Kdependent clotting factors, the requirement for vitamin-K-dependent γ-carboxylation to activate proteins has been demonstrated in many tissues with diverse biological functions. In the skeleton, matrix Gla protein (MGP) and Gla-rich protein (also known as UCMA) require the presence of γ-carboxyglutamic acid to function as potent inhibitors of calcification in cartilage and other soft tissues, 20, 21 whereas the γ-carboxyglutamic acid residues in osteocalcin are involved in regulation of the size and shape of bone mineral.
Regulation of crystal size and shape
Early studies to investigate the function of osteo calcin and other proteins containing γ-carboxyglutamic acid were designed based on the knowledge that the γ-carboxyglutamic acid residues in the vitamin-Kdependent clotting factors were essential in order to bind Ca 2+ and interact with phospholipid membranes to facilitate the clotting cascade. Similarly, the γ-carboxyglutamic acid residues in osteocalcin bind free Ca 2+ and hydroxyapatite.
Key points
■ Osteocalcin is a calcium-binding bone matrix protein that contains the vitamin-K-dependent amino acid, γ-carboxyglutamic acid; circulating osteocalcin concentrations are a measure of bone formation ■ Studies in mice show that osteocalcin acts as a hormone to affect insulin sensitivity and energy expenditure; only the undercarboxylated form of osteocalcin is active ■ Human dietary intake of vitamin K is suboptimal, in contrast to that in mice-and, as a consequence, both bone and serum osteocalcin are undercarboxylated in humans ■ Most human studies examining the association between serum osteocalcin and measures of glucose metabolism do not differentiate between the total and undercarboxylated forms or take into account vitamin K intake ■ Most human studies also do not measure other bone turnover markers to distinguish circulating osteocalcin as a measure of bone turnover from its effect on glucose metabolism ■ In mice, the uncarboxylated form of osteocalcin is linked to glucose homeostasis, whereas in humans the data are inconclusive Figure 1 | Vitamin K is required for the formation of γ-carboxyglutamic acid. γ-Carboxyglutamic acid (Gla) is a unique amino acid that is created by vitamin-K-dependent post-translational modification of specific glutamic acid residues in all Gla-containing proteins, including osteocalcin. This process is inhibited by warfarin.
Analysis by circular dichroism, NMR imaging and X-ray crystallography [22] [23] [24] has revealed that osteocalcin is a globular protein comprised of three α-helices, a hydrophobic core, an unstructured N-terminus and an exposed C-terminus ( Figure 2 ). All three γ-carboxyglutamic acid residues are found in the first helical region (at amino acid positions 17, 21 and 24 in human osteocalcin), and when bound to free Ca 2+ , facilitate a conformational change that aligns them in a complementary fashion to the Ca 2+ ions on the C-axis of the hydroxyapatite crystal lattice.
The importance of the osteocalcin-hydroxyapatite interaction is illustrated by the fact that osteocalcin amino acid sequences from all animal species investigated share extensive amino acid sequence homology at the central γ-carboxyglutamic acid region. However, considerable sequence variation exists at other regions. Compared with the human sequence, the overall protein sequence is highly conserved in most species (80-95%), but to a lesser extent in the frog and chicken (70%), mouse (60%) and bony fish (40%). 24 Human osteo calcin is encoded by a single-copy gene located at the distal long arm of chromosome 1. By contrast, mice have a cluster of three osteocalcin genes in a 23 kb span orient ed in the same transcriptional direction. Two of the genes (Bglap and Bglap2, also known as OG1 and OG2) are expressed only in bone, whilst the third, the osteocalcin-related gene (Bglap-rs1, also known as ORG), is expressed at low levels in brain, lung and kidney, but not in bone. 25 Examination of the promoters of the human and rat genes reveal that they are very similar with respect to the organization of regulatory elements and their response to hormones and growth factors, whereas the mouse gene exhibits differences, particularly in response to 1,25-dihydroxyvitamin D 3 . 26 The human and rat osteocalcin genes are dose-dependently upregulated by 1,25-dihydroxyvitamin D 3 , whereas the mouse osteocalcin gene is downregulated. 26, 27 The function of osteocalcin in bone is thought to be dictated by its structure. Immunolocalization studies show that the protein is distributed throughout the mineral ized regions of bone matrix, dentine and calcified cartilage in rats. 28 In vitro growth of hydroxyapatite is inhibited by low concentrations of osteocalcin, which suggests that this protein's function is related to the control of crystal morphology. In the bone of all species studied, osteocalcin first appears coincident with the onset of mineralization in utero, and its levels increase in tandem with hydroxyapatite deposition during skeletal growth. 29, 30 In rat and mouse osteoblast cultures, osteocalcin appears only after the extracellular matrix accumulates and begins to mineralize. 31 In 1996, Ducy et al. 32 generated an osteocalcin-deficient mouse model. Given the abundance of osteo calcin, its restriction to bone and specificity to hydroxyapatite, it was surprising that the mice had no overt phenotypic abnormalities. 32 The mice were reported to be morphologically normal at birth, viable and fertile with no skeletal defects. By the age of 6 months, however, they exhibited a small increase in cortical bone thickness, a consequence of an increased bone formation rate, but had normal osteoclast activity. Evaluation of the structural properties by whole bone biomechanical testing showed significant differences in bone strength. Bone mineral content was unaffected, but subsequent analysis of the crystal properties of hydroxy apatite showed altered mineral composition in the cortic al bone of osteocalcin-knockout mice. 33 Hydroxyapatite varies in crystallinity as a result of impurities, primarily carbonate ions, which accumulate with time as the crystal matures. In osteocalcin-deficient mice, the hydroxyapatite crystals showed decreased carbo nate substitution, which suggested they consisted of less-mature and/or remodelled mineral compared to that of the wild-type mice. 33 Small-angle X-ray scattering confirmed that the hydroxyapatite crystals were immature (and also thinner and smaller) in the osteocalcin-deficient mice than in the wild-type mice. Furthermore, crystals in the osteocalcin-deficient mice were less well aligned along the collagen fibrils than those of the wild-type mice. 34 Bone strength is a function of both bone quantity and quality, and changes in optimal crystal size and or ientation have been associated with increased brittleness. 35 A marker of bone remodelling The skeleton undergoes continuous remodelling (turnover) of bone, with removal of old bone by osteoclasts and coordinated replacement with new bone by osteoblasts. In the steady state, this coupling of bone formation and resorption maintains bone mass. The discovery of osteocalcin presented an opportunity for clinicians searching for noninvasive markers to aid in the management of patients with osteoporosis. Histomorphometric analysis and calcium kinetics demonstrated that serum osteocalcin levels were correlated with bone formation and osteoblast number. [36] [37] [38] As a product synthesized by osteoblasts, osteocalcin has been used as a marker of bone formation. Furthermore, in normal rats, circulating osteocalcin originates primarily from new bone synthesis rather than from the breakdown of bone. 39 The majority of commercially available osteocalcin assays measure the intact molecule and a large osteocalcin fragment that is generated by tryptic activity in the circulation. 40 Fragments of osteocalcin encompassing the mid-molecular region 41 also circulate. These fragments are derived from the action of osteoclastic matrix metallo proteinases and cathepsin K during bone resorption, 42, 43 and are rapidly cleared in individuals with normal renal function. Although some single antibody assays have limited capacity to detect these fragments in serum, only urine-based, mid-molecular assays have sufficient sensitivi ty and specificity to measure them accurately. 44 Current markers of bone formation include the N-terminal propeptide of type I collagen, bone-specific alkaline phosphatase, and intact or N-mid-molecule osteocalcin in serum. Resorption markers include collagen N-telopeptide and C-telopeptide, tartrate-resistant acid phosphatase, and urinary mid-molecule osteocalcin. Most have a circadian variation and respond to changes in bone formation and resorption accompanying growth, age, menopause, metabolic bone diseases and medications that affect bone turnover. 45, 46 γ-Carboxylation of osteocalcin
Undercarboxylation in humans
In most species, all three vitamin-K-dependent γ-carboxyglutamic acid sites in the osteocalcin molecule are fully carboxylated. However, in humans, osteocalcin in bone and serum is incompletely carboxylated (undercarboxylated osteocalcin). High-dose warfarin co-administered with high-dose vitamin K maintains adequate blood clotting but the osteocalcin is not fully carboxylated, 47 which suggests that the liver sequesters vitamin K at the expense of bone. In vitro, carboxylation is an ordered process with Glu22 and Glu24 in osteo calcin being carboxylated first, followed by Glu17 in humans (corresponding to Glu13 in mice). 48 Analysis of osteocalcin isolated from 20 human bone samples found carboxylation to be (mean ± SD) 67% ± 14%, 88% ± 9%, and 93% ± 4% at residues Glu17, Glu21 and Glu24, respectively, 49 reflecting long-term variability in vitamin K availability to the bone. Circulating osteocalcin is similarly undercarboxylated. Estimates of the percentage of undercarboxylated osteocalcin by direct ELISA or by differential binding to hydroxyapatite coupled to an immuno assay suggest that up to 50% of osteocalcin in serum is undercarboxylated in normal individuals, and that the percentage of under carboxylated osteocalcin reflects current vitamin K intake. 50 Human osteocalcin concentrations in bone and in the circulation are only 20% of those found in other species.
Response to vitamin K manipulation
In humans, the current recommendations for dietary intake of vitamin K are 90-120 μg per day based on median phylloquinone intakes. 51 Some menaquinones are produced by gut flora in the large intestine, but the extent to which endogenous menaquinone production contributes to the daily requirement for vitamin K is not known in humans. 52 However, a subclinical deficiency of vitamin K can be created within days by limiting dietary intakes of phylloquinone without a concomitant change in gut flora or menaquinone status. 53 The degree to which a vitamin-K-dependent protein such as osteocalcin is carboxylated is used as a functional indicator of vitamin K status. However, biomarkers of vitamin K status are consistently fluctuating in humans, as human diets contain varying vitamin K content from day to day. Dietary restriction of phyllo quinone to <35 μg per day causes rapid and marked increases in undercarboxylated osteocalcin (expressed as the proportion of total osteocalcin that is not fully γ-carboxylated, or percentage of undercarboxylated osteocalcin). 54 Conversely, supplementation with phylloquinone in doses ranging from 250 μg per day for 14 days to 5,000 μg per day for 24 months markedly decreases the percentage of undercarboxylated osteocalcin to less than 10% ( Figure 3) . [55] [56] [57] [58] [59] This response is consistent for the percentage of under carboxylated osteocalcin regardless of the forms of vitamin K studied. 56, 60 The rapidity of the observed changes noted in short-term studies suggests that carboxylation of the three Glu residues in osteocalcin may change in response to fluctuations in intakes of vitamin K on a daily basis in humans. Therefore, any discussion regarding the role of carboxylation of osteo calcin in energy metabolism in humans requires consideration of the vitamin K status at the time of measurement.
Correlation among osteocalcin measures
The percentage of undercarboxylated osteocalcin is influenced by vitamin K status, whereas serum total concentrations of osteocalcin are influenced by osteoblastic synthesis independent of vitamin K ( Figure 4 ). This interdependence of the different available measures of circulating osteocalcin in humans has given rise to some confusion in the published literature regarding the predictive value of serum osteocalcin for the risk of type 2 diabetes mellitus (T2DM).
By use of either the current ELISA or hydroxyapatite binding assays, absolute concentrations of undercarboxylated osteocalcin are highly correlated with total osteocalcin, whereas the percentage of undercarboxylated osteocalcin is not ( Figure 4) . As reviewed elsewhere, 61, 62 the accurate interpretation of hydroxyapatite-binding assays requires equivalent detection of both carboxylated and undercarboxylated forms of osteocalcin. Unfortunately, few studies in humans that used ELISA have assessed the carboxylated forms and, hence, the percentage of undercarboxylated osteocalcin could not be calculated.
Osteocalcin and glucose metabolism
Overview The existence of altered bone metabolism among patients with diabetes mellitus is a well-characterized phe nomenon, although the mechanisms are not well understood. 63 Bone mass is low in patients with type 1 diabetes mellitus (T1DM) but higher than normal in those with T2DM. Yet, in both patients with T1DM and those with T2DM, increased fracture risk is observed at a given BMD as compared to that in individuals without diabetes mellitus. [64] [65] [66] [67] The effects of glucose toxic ity on osteoblasts, low levels of insulin and insulin-like growth factor 1, altered vitamin D metabolism, low bone formation, raised levels of advanced glycation end pro ducts, increased cortical bone porosity, and bio mechanical forces have all been implicated in the pathology associated with changes in bone mass and fracture risk in patients with diabetes mellitus, but these processes do not completely explain the clinical findings. 68 Osteoblast precursors and adipocytes reside within the bone marrow and are thought to differentiate from a common precursor. 69, 70 Increased commitment of bone-marrow-derived mesenchymal stem cells to adipocytogenesis occurs at the expense of osteoblasto genesis, and high levels of marrow fat are associated with an increased risk of both osteoporosis and diabetes mellitus. 71 A growing body of evidence shows that the pancreas and adipocytes secrete bone-active hormones. [13] [14] [15] [16] Adipose tissue produces leptin, which regulates bone remodelling via the central nervous system. [72] [73] [74] These relationships pose an important question: namely, are these relationships bidirec tional, such that bone has a regulatory role in energy metabolism?
Genetic studies in mice In a search for potential mediators of metabolism in mice, Lee et al. 5 found two candidate genes for which protein biosynthesis is restricted to bone. The first of these, Esp (also known as Ptprv), is a gene expressed only in osteoblasts and Sertoli cells and encodes a transmembrane protein, tyrosine phosphatase (OST-PTP, also known as R-PTP-V). Both global and osteoblast-specific deletion of Esp produced animals that were lean, hypoglycaemic, and had increased β-cell proliferation, insulin secretion and insulin sensitivity. When adipocytes from normal mice were grown in the presence of osteoblast-conditioned media from either wild-type mice or mice with global deletion of Esp, expression of adiponectin was increased by 40% and 100%, respectively. Likewise, insulin expression was increased in wild-type islets grown in the presence of osteoblast-conditioned media from wild-type mice (40%) or from mice with global deletion of Esp (100%). These results suggest that osteoblasts secrete a factor or factors that affect β cells and adipocytes and that OST-PTP regulates the activity of this factor. Because of its osteoblast-specific expression, a logical candidate for this factor was osteocalcin ( Figure 5 ).
Lee et al. re-examined the phenotype of their osteocalcin-deficient mice, 5 which had been described earlier. 32 Osteocalcin-knockout mice were obese, with elevated glucose and lipid concentrations, reduced insulin levels, reduced numbers of β cells, and were both glucose-intolerant and insulin-insensitive. However, in the original description of the osteocalcin-knockout mouse, 32 bone formation was elevated compared with wild-type mice, a finding that conflicts with other animal models of diabetes mellitus, in which bone formation is reduced. 13 In contrast to observations in humans with T2DM, both insulin secretion and sensitivity were decreased in these mice, effects that were attributed to a decrease in adiponectin expression in adipose tissue. 6 Overall, the phenotype was the exact opposite of that observed in the Esp -/-mice. Islets and adipocytes from wild-type mice, cultured with osteoblast-conditioned media derived from osteocalcin-knockout mice, showed decreases in insulin and adiponectin. Furthermore, the metabolic phenotype was normalized in Esp -/-mice lacking one allele of osteocalcin, further supporting the notion that OST-PTP and osteocalcin are in the same pathway.
The circulating levels and expression of osteo calcin were normal in Esp -/-mice, which suggests that OST-PTP does not regulate the biosynthesis of osteo calcin, but rather regulates its metabolic function. Given that the only known modifiable aspect of osteocalcin is its γ-carboxyglutamic acid residues, Lee et al. 5 showed that uncarboxylated osteocalcin, but not carboxylated osteocalcin, induces expression of both adiponectin in adipocytes and insulin in islets. This finding presents a major paradigm shift, given that all known vitamin-K-dependent 55 Osteocalcin measures were made prior to vitamin K supplementation. 55 Abbreviations: OC, osteocalcin; ucOC, undercarboxylated osteocalcin.
proteins require the presence of γ-carboxyglutamic acid for function, in cluding the carboxylating enzyme itself.
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To establish the role of osteocalcin in glucose metabolism, Ferron et al. 6 implanted mice with osmotic minipumps containing uncarboxylated osteocalcin. Doses that delivered up to 3 ng/ml to the circulation were given for 4 weeks, and resulted in low blood glucose levels and an increase in serum insulin levels. In these mice, the circulating level of undercarboxylated osteocalcin was 7 ng/ml, 6 approximately 10% of total circulating osteo calcin levels measured in adult mice fed standard rodent chows. At the doses given to the mice, the proportion of undercarboxylated osteocalcin increased only to 14%, which is within the intraindividual variation that is normal in humans consuming a varied diet. This observation highlights the need to compare uncarboxylated or undercarboxylated osteocalcin to total osteocalcin in both human and animal studies to understand any relevant changes that are related to metabolism or vitamin K intake.
Insulin signalling in osteoblasts
Ferron et al. 7 considered OST-PTP to be a regulatory factor for enzymes of the vitamin K cycle but no tyrosine phosphorylation was found on either the enzymes or osteocalcin itself. However, substrate trapping showed that the insulin receptor in osteoblasts was a substrate for OST-PTP and that increased phosphorylation of the osteoblast insulin receptor is found in Esp -/-mice. 7 Orthologues for all rodent protein tyrosine phosphatases have been found in humans, with the exception of OST-PTP. Ferron et al. 7 searched for other protein tyrosine phosphatases that might compensate for this absence in humans. They showed that tyrosine-protein phosphatase nonreceptor type 1 (PTN1, also known as PTP-1B) was expressed in human osteoblasts. PTN1 is a ubiquitously expressed tyrosine phosphatase that has been implicated in multiple signalling pathways. 75 Subsequently, Zee et al. 76 demonstrated that tyrosine-protein phosphatase nonreceptor type 2 (PTN2, also known as TC-PTP) also regulates insulin receptor phosphorylation in human osteoblasts and is, in fact, more highly expressed in bone than either OST-PTP or PTN1 ( Figure 5 ).
Insulin signalling in osteoblasts decreases the expression of osteoprotegerin, an inhibitor of osteoclast maturation, and hence activates bone resorption. 7, 8 Osteoclast bone resorption produces an acid environment which, as proposed by Ferron et al., 7 may decarboxylate osteocalcin. 15 Furthermore, in this model, decarboxylation occurs at only the first γ-carboxyglutamic acid residue at position 17 (or position 13 in mice) and is sufficient for osteocalcin hormonal action. The final regulation of this process is via leptin which, through sympathetic tone, regulates the expression of Esp. 74 This scenario raises several questions. First, it has been established that hydrolytic side reactions can occur during acidification of osteocalcin in solution, producing multiple osteocalcin fragments rather than intact decarboxylated osteocalcin. 77 Furthermore, when human osteo clasts are cultured on bovine bone, only a small amount of intact osteocalcin is released during acidifica tion. When the matrix osteocalcin is subsequently degraded enzymatically, fragments of osteo calcin are produced. 44 These observations are consistent with clinical studies showing that increased levels of urinary osteocalcin fragments are associated with bone resorption. 78 Secondly, the requirement for bone resorption to activate matrix-bound osteocalcin is inconsistent with results of Lee et al., 5 in which osteoblast-conditioned media from wild-type and Espknockout mice affected the expression of adiponectin and insulin. Finally, undercarboxylated osteocalcin in human circulation could be the consequence of two separate processes: incomplete carboxylation of osteocalcin due to suboptimal vitamin K intake or decarboxylation during osteoclast resorption ( Figure 5 ).
G-coupled protein receptor
The final element necessary to complete a putative endocrine loop mediated by osteocalcin was the identification of a tissue-specific receptor. This identification was achieved in an indirect way. On the basis of the fact that OST-PTP was expressed in osteoblasts and Leydig cells of the testes, Oury et al. 79 showed that uncarboxylated osteocalcin also regulated male fertility. Furthermore, the researchers showed that binding of osteocalcin in vitro to a G-protein-coupled receptor (Gprc6a) in isolated mouse Leydig cells was associated with an increase in the biosynthes is of testosterone. Ample evidence exists for the involvement of GPRC6A in the regulation of biological processes in humans. GPRC6A is a seven-transmembrane receptor that mediates signalling of a wide range of l-α-amino acids, predominantly the basic amino acids, arginine, lysine and orthinine. 80 The calcium-sensing receptor is its closest homologue. 80 GPRC6A is widely expressed in brain and peripheral tissues of humans, including kidney, skeletal muscle, testis and leucocytes. 81 GPRC6A is directly activated by high concentrations of Ca 2+ , a response that is augmented by carboxylated osteocalcin. 82 Mice lacking Gprc6a have been produced by two separate laboratories. Wellendorph et al. 83 found that knockout mice were viable and fertile, developed normally and exhibited no significant differences in body weight or skeletal manifestations compared with their wild-type littermates. By contrast, Pi et al. 84 reported a complex metabolic phenotype, decreased BMD and impaired minerali zation. Given the wide expression of this receptor, the question remains how osteocalcin functions as a cell-specific ligand. Perhaps a co-receptor is required for tissue specificity, as seen for FGF-23 (another bone-derived factor) and its co-receptor, Klotho. 85 Bone turnover and glucose metabolism Bone biopsy data in humans, and in mice, show that the cortical bone formation rate is low in the setting of dia betes mellitus. 86 These studies are corroborated in humans by measures of bone turnover, including serum total osteocalcin and urinary N-telopeptide, which are lower in patients with T1DM 87, 88 and T2DM 88 than in individuals without diabetes mellitus. Conversely, interventions that improve glycaemic control are associated with a concomitant increase in total osteocalcin serum concentrations in patients with T1DM 89 and T2DM. 90, 91 These changes occur in parallel to changes in other measures of bone formation and resorption, which implies that a single measurement of total osteocalcin does not confirm its independent hormonal role. Furthermore, in studies that measure only undercarboxylated forms of osteocalcin, interpretation of results are complicated by the high correlation between undercarboxylated and total osteocalcin concentrations ( Figure 4 ). Few studies, however, have measured multiple forms of osteocalcin in response to improvement in glycaemic control. In one study of improved glycaemic control, primarily achieved through dietary modification, total osteocalcin levels increased but levels of the undercarboxylated form of osteocalcin did not change. 91 Epidemiological studies A plethora of studies have examined cross-sectional associations between serum concentrations of different forms of osteocalcin and various measures of glucose metabolism and adiposity among nondiabetic individuals. In cross-sectional studies of nondiabetic adults and children, some of which are summarized in Supplementary  Table 1 online, [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] total osteocalcin serum concentrations are, in general, inversely associated with measures of glycaemia, consistent with the hypo thesis that either osteocalcin influences β-cell function and insulin sensitivity or that increased glucose levels affect bone turnover. 5, 6 Similarly, total osteocalcin serum concentrations seem to be inversely associated with measures of adiposity, such as percentage body fat and BMI (Supplementary Table 1 online). However, some researchers have reported a positive association between serum total osteocalcin concentrations and insulin sensitivity index among lean, but not obese, adult men. 105 Whereas an abundance of studies have assessed serum total osteocalcin, few studies have measured serum under carboxylated osteocalcin. Of those that have, an over all lack of association was found between the undercarboxylated form of osteocalcin and measures of glucose metabolism or adiposity. A few studies have reported an inverse association in some subgroups, such as obese individuals 96 and male adolescents. 101 In one longitudinal study in older men (55-80 years) at risk of cardiovascular disease and not taking antidiabetic medication, baseline concentrations of total osteocalcin, but not under carboxylated osteocalcin, were positively associated with a 2-year change in fasting insulin levels and insulin resistance, as captured by the homeostasis model assessment of insulin resistance (HOMA-IR). 106 In another 3-year study of older men and women (60-80 years), concentrations of carboxylated osteo calcin were associated with a decrease in fasting insulin and HOMA-IR but neither total nor undercarboxylated osteocalcin was associated with changes in HOMA-IR. 94 Similarly, baseline concentrations of total osteo calcin, undercarboxylated osteocalcin and percentage of undercarboxylated osteocalcin did not predict develop ment of diabetes mellitus in a community-based adult population. 107 The regulation of insulin sensitivity by osteocalcin has been proposed to act through an effect on an adipocytederived hormone, adiponectin. 5 This hormone, levels of which decrease as fat mass increases, is recognized to be an important regulator of insulin sensitivity. 108 In the past 5 years, some researchers have proposed that leptin also has an indirect role in osteocalcin's hormonal action. 5, 74, 109 In the few cross-sectional studies that measured adiponectin and total osteocalcin serum concentrations, adiponectin was positively associated with total osteocalcin in adults, 94 but was inversely associated in some subgroups, including Asian-American children. 101 Neither the uncarboxylated form of osteocalcin nor N-telopeptide levels were associated with adiponectin levels in adults. 94 Similarly, levels of total osteocalcin were not associated with leptin concentrations in adults with or without diabetes mellitus. 110 The data are currently too sparse and equivocal to draw conclusions.
The overall lack of association between undercarboxylated osteocalcin and glucose metabolism in humans contrasts with findings in mouse models, in which the uncarboxylated form of osteocalcin is the active hormonal form. If total osteocalcin, but not undercarboxylated osteocalcin, is inversely correlated with glucose metabolism and adiposity in humans, it becomes important to discern if the osteocalcin protein is mediating this effect or if it is an independent indication of an impaired osteoblast, as suggested by studies in an insulin-resistant T2DM rat model. 111 Unfortunately, most studies do not include independent measures of bone formation and resorption, which limits our ability to address the question of whether osteocalcin acts as a mediator or marker. In the few studies that included multiple bone turnover markers there did not seem to be any consistent trends; indeed, the preponderance of studies that included bone resorption markers reported no associ ation between bone resorption and glucose metabolism measures (Supplementary Table 1 ).
The lack of human evidence to support an association of bone resorption with glucose metabolism is inconsistent with the hypothesis that uncarboxylated osteocalcin is the consequence of decarboxylation during osteoclastic resorption in mice, 15 but consistent with the lack of effect observed in rats. 111 Not enough studies have included bone formation measures other than osteo calcin to differentiate between an osteocalcin effect per se or specific changes in bone formation that relate to glucose metabolism. Certainly, confirmation through changes in multiple bone formation markers would be consistent with the known effects of insulin on the osteoblast. 12 In fact, in mice, insulin signalling stimulates the synthesis not only of osteocalcin but also of other major matrix proteins, as well as MGP, in osteoblasts. 8 Comparisons of observational studies are problematic because most are post hoc, secondary analyses of studies that were not designed to examine the role of osteo calcin on glucose metabolism. Furthermore, neither longitudinal nor cross-sectional studies take into account the many factors that independently influence osteocalcin serum concentrations in humans, such as age, diet, ethnicity and sex. The majority of studies have measured total osteocalcin as the exclusive measure of bone formation. Similarly, many researchers have interpreted the findings of their studies (using total osteocalcin serum concentrations in humans) as providing support for the mouse models that identified uncarboxylated osteo calcin as the hormonal form. Few studies directly measured both the total and the undercarboxylated forms of osteocalcin, which precludes forming conclusions regarding the importance of osteocalcin carboxylation in glucose metabolism. Similarly, very few studies used assays that measure the percentage of undercarboxylated osteocalcin, which would address any concern related to the strong correlation between total and under carboxylated osteocalcin concentrations (Figure 4 ).
The influence of bone-active agents
The notion that osteocalcin is activated by osteoclastic resorption of the matrix led to the question of whether agents that target the osteoclast would also increase the risk of diabetes mellitus or affect insulin requirements. A study of elderly patients with T1DM found that those who were taking the bisphosphonate alendronate had a reduced insulin requirement compared with those receiving only calcium and vitamin D. 112 In a large population-based study in Denmark, a reduced risk of T2DM was found in indivi duals receiving alendronate, etidronate and raloxifene. 113 However, markers of bone resorption and bone formation, including osteocalcin, are equally decreased in women with and without diabetes mellitus during antiresorptive therapy. 114 Although these observations conflict with the hypo thesis that a reduction in uncarboxylated osteo calcin is detrimental to glucose metabolism, positive effects of the bisphosphonates and raloxifene on circulating lipids have been noted, potentially confounding these observations. 115, 116 A study published in 2011 evaluated the relationship between 3-month changes in bone turnover and 12-month measures of body weight, fat mass, and levels of adiponectin, leptin and glucose in participants treated with either parathyroid hormone 1-84 (PTH 1-84 ) or alendronate. 117 As expected, both total and undercarboxylated osteocalcin increased with PTH 1-84 and decreased with alendronate treatment. 3-month changes in undercarboxylated osteocalcin were negatively associated only with 12-month changes in body weight and fat mass, and positively with 12-month changes in adiponectin in those individuals receiving PTH . No significant relationships were found between changes in undercarboxylated osteocalcin and changes in any measured parameters in individuals receiving alendronate. No other information was provided regarding potential relation ships with total osteocalcin or other markers of bone formation and resorption.
Vitamin K and glucose metabolism
The capacity to experimentally manipulate the percentage of osteocalcin that is carboxylated without affecting bone turnover through the use of vitamin K supplementation has been well established in humans. 54 Therefore, manipulation of vitamin K levels provides an ideal model for testing the hypothesized link between uncarboxylated osteocalcin and glucose metabolism in humans.
High vitamin K intakes are associated with a low percentage of undercarboxylated osteocalcin, 118 and are also associated with reduced insulin resistance. [119] [120] [121] The results of these observational studies infer that a low percentage of uncarboxylated osteocalcin actually improves glucose metabolism in humans. As major sources of phylloquinone in the diet are green leafy vegetables, high phylloquinone intakes are generally associated with healthier lifestyle and dietary habits, 122 which may independently contribute to reduced insulin resistance. 123 Therefore, it is critical to isolate the effect of vitamin K manipulation on carboxylation of osteo calcin and its subsequent effect on glucose metabolism in clinical trials. Short-term supplementation of supra physiological doses of menaquinone-4 (vitamin K 2 ) improved acute insulin response after an oral glucose load in individuals with a high percentage of undercarboxylated osteocalcin at baseline. 124 In studies using high doses of menaquinone-4, no effect on body weight was observed despite the reduction in the percentage of undercarboxylated osteocalcin. 125, 126 In the studies that measured glucose metabolism, administration of both menaquinone-4 and phylloquinone reduced the percentage of undercarboxylated osteocalcin and improved HOMA-IR in men (Table 1) . 120, 125 Similar findings, however, were not noted in women. 120, 127 The role of vitamin K in regulating insulin sensitivity still requires more systematic investigation in humans.
Warfarin
On the basis of the presence of osteocalcin and other vitamin-K-dependent proteins in bone, patients receiving warfarin have been compared with age-matched individuals not receiving warfarin to explore the physio logical effects of vitamin K antagonism and deficiency on bone mass, with varying levels of success. 128 Warfarin is among the 15 most widely prescribed drugs in the USA, 129 and is used for the prevention and treatment of thrombosis. 130 Of importance to the role of osteocalcin in energy metabolism is the interruption of the carboxyla tion reaction for all vitamin-K-dependent proteins, including osteocalcin, in response to warfarin treatment (Figure 1) . Carboxylation of osteocalcin is dramatically decreased by warfarin in both mice and humans. 62, 131 In mice, the first γ-carboxyglutamic acid residue (Glu13) is the most sensitive to warfarin 131 because, as in humans, it is least likely to be carboxylated when vitamin K availability in the osteoblast is reduced. 47 With regard to glucose metabolism, one case study reported hypoglycaemia in a premature infant exposed to warfarin in utero. 132 However, the infant had neonatal hepatopathy, which may have impaired glucose metabolism independently of undercarboxylated osteocalcin. No other reports of hypoglycaemia exist in an otherwise large body of literature of case studies of warfarin embryopathy. One of the major challenges in studying the role of undercarboxylated osteocalcin in glucose metabolism among patients using warfarin is the potential inter action with glucose-lowering drugs that result in increased absorption of warfarin independent of the carboxylation of osteocalcin. 133, 134 There are no reports of changes in insulin resistance in patients treated with warfarin alone. Therefore, it is unlikely that warfarin studies will provide insight into the role of osteocalcin in energy metabolism.
Exercise and weight loss
Physical inactivity decreases BMD and increases insulin resistance. 135 Levinger et al. proposed the hypothesis that the increase in glucose disposal rate associated with exercise is driven by the forces exerted on bone by muscles, which increases bone formation and insulin action through uncertain mechanisms. 136 Resistance training increases measures of bone formation whilst transiently suppressing measures of bone resorption. 137 However, the current data are inconsistent, as resistance training is associated with either no effect [138] [139] [140] or an increase 105, 139, 141 in total serum osteocalcin concentrations. In one study of resistance training in combination with dietary counselling for weight loss, an increase in serum osteocalcin concentrations was observed, but these changes were not statistically associated with changes in insulin resistance or circulating adiponectin levels. 105 Only a few exercise studies have actually directly measured the undercarboxylated form of osteocalcin. Among obese men, acute aerobic activity resulted in an increase in the levels of total and uncarboxylated osteocalcin and adiponectin. 136 In a subgroup analysis of participants with diabetes mellitus, acute exercise increased the proportion of undercarboxylated osteocalcin by 4%, and this change was correlated with a decrease in glucose levels. By comparison, an increase in vitamin K intake of an amount that is equivalent to two servings of green, leafy vegetables, can decrease the percentage of undercarboxylated osteocalcin by ~15% through reduction in the undercarboxylated form of osteo calcin but not the total osteocalcin form. 54 This finding would suggest that the well-documented daily variation in vitamin K intake, 142 which causes larger changes in uncarboxylated osteocalcin levels than are achieved though exercise, would result in rapid and large fluctuations in glucose concentrations. Therefore, it is unclear if this is an independent osteocalcin effect on glucose metabolism or if osteocalcin is a marker for the short-term changes in bone turnover created by acute exercise.
In another study, obese children who engaged in a 6-month exercise programme had an increase in insulin levels with a concomitant increase in serum concentrations of both total and undercarboxylated osteocalcin. 143 By contrast, no associations between insulin levels and serum concentrations of total or undercarboxylated osteo calcin were found among obese children not participating in the exercise program. This result led the authors to conclude that there was a regulatory loop, in which an increase in osteocalcin synthesis in response to exercise stimulates insulin secretion up to a currently undefined level, at which point the high insulin level exerts a negative effect on osteocalcin secretion. Currently the human data are inconclusive regarding the role of undercarboxylated osteocalcin in improving glucose metabolism in response to exercise. Furthermore, the study designs used do not differentiate the changes in total osteocalcin concentrations that occur in response to changes in bone formation (regardless of causality) from the changes in total osteocalcin concentrations that may be responsible for direct effects on insulin action through feed-forward loops.
Conclusions
The well-established observation that diabetes mellitus is associated with altered bone metabolism has stimulated tremendous interest in identifying potential mechanisms that link adipose tissue and the skeleton. The hypothesis that osteocalcin, a vitamin-K-dependent protein produced in the osteoblast, acts as a hormone to affect insulin sensitivity and energy expenditure was first proposed based on a series of studies conducted in vitro and in vivo knockout mice models. In these models, the uncarboxylated form of osteocalcin was identified as having the hormonal function. Since that time, a surge of reports in humans have used post hoc correlative analysis to examine associations between osteocalcin and glucose metabolism in studies with varied designs.
The existence of species-specific differences in osteocalcin challenges the extrapolation of findings from the mouse models to humans. In most species, osteocalcin is fully carboxylated, whereas in humans osteocalcin in bone and serum is incompletely carboxylated, and the degree of carboxylation is determined by vitamin K availability in the diet. The concentration of osteocalcin in human bone and blood is only 20% of that observed in other species. Whereas mouse models have tremendous value in studies of diabetes mellitus, several examples of genetically modified mouse models exist for which one cannot extrapolate directly from mouse to humans. 144 Osteocalcin may be a protein that would fall in this category and caution needs to be used in the interpretation of the current literature.
Overall, a lack of consensus exists among current literature to support a unique effect of undercarboxylated osteocalcin on the regulation of glucose metabolism or on measures of adiposity in humans. However, few studies have measured the undercarboxylated form of osteocalcin. Furthermore, interpretation of the effect of uncarboxylated osteocalcin is confounded by its close correlation with total osteocalcin levels when measured using hydroxyapatite-binding assays or specific immunoassays, which reduces its utility as an independent biomarker. Manipulation of vitamin K intake can alter the proportion the osteocalcin that is undercarboxylated without altering bone turnover. Interestingly, a high intake of vitamin K, which results in a low proportion of undercarboxylated osteocalcin, has been reported to reduce insulin resistance, which is the opposite to what would be expected based on the mouse model.
Another limitation of human studies to date is the reliance on a single biomarker of bone turnover. Serum concentrations of total ostecalcin are established measures of bone formation. However, in the absence of other bone turnover markers, one cannot isolate the putative role of osteocalcin in glucose metabolism from its role as a measure of bone formation. In fact, several studies in the past few years show that the relationship between adipose tissue and the skeleton is complex, involving not only pancreatic and adipose tissue hormones but also nutritional factors and enteric hormones. [145] [146] [147] It seems likely that additional new factors will be added to the repertoire of agents that connect bone and energy metabolism. In the interim, further studies are required to precisely define the effect of insulin on osteoclast activity and the nature of osteocalcin receptor binding in humans.
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